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Abstract 
Force and pressure sensors are commonly used in systems to measure balance and postural sway. When it comes to biomechanics in sports, 
trainers and therapists often rely on those measurement methods to set up rehabilitation and performance enhancement exercises. To prove 
sensor reliability and the comparability of various systems, a programmable human sway simulator (PHSS) apparatus was developed to enable 
standardized and reproducible human-like load simulations. The apparatus can be used to test computerized dynamic posturography (CDP) 
systems, instrumented balance and training systems or any static sensor of that kind. Results from CDP systems provide information for a more 
efficient and focused athlete coordination training. Due to the variety of CDP instruments on the market the question arises, whether these 
systems provide reliable results. With the developed prototype impartial comparison of these systems will be possible. For the test procedures it 
is required to create predefined sway patterns with varying loads to simulate human mass from kids to adults. These loads have to be applied 
over footprints representing the human forefoot and heel. The conceptual design of the PHSS was performed using reliable industry standard 
components for rapid production. The operating system simulates the motion of human mass via four separated DC-Motors in order to record 
indicators of the tested system such as center of pressure (COP), range of motion (ROM) and applied load frequency. Besides that, the PHSS 
includes a monitoring of motor positioning to retrieve operation indicators for self-check and calibration. With all that, the PHSS allows direct 
comparison of CDP systems that record ground reaction forces (GRF) or verify the long term precision of sensors as a quality assurance tool. 
This enables higher standards for training and testing systems and more precise conclusions about human balance abilities and training 
conditions. 
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1. Introduction 
For clinical balance assessment or biomechanical 
analyses different technical options are used. Computerized 
dynamic posturography (CDP) systems and force plates are 
used to calculate different parameters, like for example 
center of pressure (COP) and range of motion (ROM) to 
determine the balance abilities [1]. Pressure sensors of 
various companies were also used to quantify postural 
control, by measuring the pressure distribution [2] [3]. 
Besides the established systems there are different 
investigations in making cheaper assessments possible, with 
game console based devices such as the Wii Balance Board 
for posturography measurements [4] [5] [6]. To evaluate the 
feasibility, for using this device as a clinical assessment 
tool, some different methods were used. From the medical 
point of view there are different investigations to measure 
the reliability of these systems. Llorens et al. [4] used two 
different subject groups for this research, a healthy and a 
post stroke group, to find out how feasible a game console 
based system for clinical testing is. Also customized 
exergaming devices determine their reliability with human 
sway analysis [7]. Furthermore established postural stability 
evaluation devices are measured with human groups [8]. 
Besides the comparison of systems, the test-retest reliability 
of postural measurement is assessed under single and dual-
task conditions [9]. The other, technical point of view, is to 
determine the main functionality of the systems and their 
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comparability. Leach et al. [10] used a one-dimensional 
postural sway simulation apparatus, which is based on the 
inverted pendulum model, to evaluate the system properties 
and to measure human like ground reaction forces (GRF). 
This approach makes it possible to directly compare 
different sensors, according to the variety of systems. The 
question arises, whether these systems provide comparable 
results. To not rely on measurements with humans [4] [7] 
[8] there is a need for a sway simulation apparatus [10] to 
make it easier to compare such devices. Due to the 
stochastic signal which is produced by humans, it is not 
feasible to make a comparison between different systems 
with humans. For this purpose, a mass movement apparatus 
was developed. With this programmable human sway 
simulation (PHSS) the mass movement should produce 
patterns to compare different systems. The main purpose for 
this project was the comparison of different static 
posturography systems and various sensor types. The 
second question was, is it possible to use this prototype to 
make quality management for sensor lifecycles. 
2. Methods 
According to the variety of systems, and their different 
dimensions, a market analysis was performed, to define the 
requirements for the system. The reviewed systems showed 
[2] [11] [12] [13] [14] [15] [16] [3] [17], that an adjustable 
and compact construction was needed, as some of them 
have different mechanical constructions to prevent the users 
from falling and others have a limited measurement 
platform. The construction must be lightweight and 
portable, to ensure a good handling during the 
measurements. On the contrary, the system should simulate 
different masses like kids and adults. And further on the 
ground reaction forces, in the most systems, were divided in 
four different tiles, like described from Kohen-Raz with the 
„tetra-ataxiametric method“. [18] With these findings a 3D 
concept was designed with the 3D-CAD-software, 
Pro/ENGINEER Wildfire 5.0 (Parametric Technology 
Corporation, Needham, MA, USA). This model was 
improved in iteration cycles, till the final concept proved to 
fit all these requirements best. The whole developed 
concept, shown in Figure 1, produces the mass shift via a 
tilting platform system and the lifting of masses on each 
corner. To make an economical and rapid production of the 
prototype possible, industrial standard parts, like aluminium 
profiles were used. These profiles form the main structure 
of the PHSS system and provide a higher rigidity and 
stiffness according to the geometric moment of inertia. To 
simulate different foot positions, the different mounting 
options and the mass diameters were adjusted in the model, 
to see what are the possible minimum and maximum foot 
positions. A variable mass system was developed, to fulfil 
the requirement of simulating a wide range of human 
masses. In Figure 1 each quarter/moving unit represent one 
foot segment (forefoot – left/right and heel – left/right) of 
the human body. Each of the linear DC motors (Drive-
System Europe Ltd., Werther, Germany) (rendered in blue) 
has one degree of freedom, and the mass movement of the 
assembled system has five degrees of freedom. The 
aluminium rod on the top of each motor (rendered in green) 
makes it possible to use different weights. To have contact 
to the ground or the system underneath during the 
movement, the PHSS use spherical objects to make tilting 
movements possible. For these objects an abrasion resistant 
and dampening outer surface was fixed with a tension-
equalizing adhesive on a solid wooden sphere. These 
spheres were rendered in yellow and are part of a moving 
unit.  
 
 
Figure 1: Rendered CAD model of the prototype 
For the control unit, which is located in the middle of the 
construction, an ATmega2560 microcontroller board was 
used [19]. To drive the motors in both directions two 
controller boards were used, based on the H bridge 
principle [20]. To prevent the whole controller unit from 
overheating an active cooling system was integrated. The 
final assembled programmable human sway simulation 
apparatus is shown in Figure 2 and Figure 3. The minimum 
foot position, from the middle of one foot to the other, 
according to the diameter of the mass, is 215 mm and the 
maximum foot position is 665 mm. These final dimensions 
led to the optimizations of the CAD model. The optimum 
selected weights were 5 kg, for the best balance between 
stability and versatility of the system. The system without 
the additional weights has a mass of 15 kg. The set up 
allows different weight categories possible (with 5 kg 
plates), 15 kg, 35 kg, 55 kg, 75 kg, 95 kg. According to the 
motor properties, the system is limited to a total mass of 95 
kg. The optimizations on the conceptual design of the 
PHSS, determined that movement patterns and some basic 
definitions were needed to describe the motion and make 
development of the software possible. 
 
 
Figure 2: Top view on the system with defined movement pattern axes and 
moving unit designation 
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Figure 2 shows the defined movement axes for the 
developed system and the designation of the moving units. 
The abbreviations used are declared in Table 1.  
Table 1: Declaration of the moving axe moving units 
Abbreviations Description 
FL forefoot left 
FR forefoot right 
HL heel left 
HR heel right 
QONE transverse axes one 
QTWO transverse axes two 
FWBW forward and backward 
LR left and right 
 
These definitions were used to describe main moving 
patterns in the Software. For the test evaluation the 
following movement patterns were defined, QONE for a 
tilting movement over the transverse axis one with full 
motor speed, QTWO for a tilting movement over the 
transverse axis two with reduced speed, COP1 for random 
centre of pressure movement and COP2 for a centre of 
pressure movement imitating an eight loop. The focus for 
these movements was to produce signals with a similar 
frequency domain like signals which were produce by 
humans in upright stance.  
After the assembly, the first movement tests were 
performed with different masses. To see how accurate and 
repeatable the motors work, a set of eight identical 
movements were performed. The end positions were 
evaluated with internal potentiometers, sampled with a 10 
bit AD converter on the microcontroller board. These 10 bit 
values got converted to mm and the results were separated 
in different weight categories. In each category the mean 
value and the standard deviation was calculated for every 
moving unit. This first test was followed from the main 
evaluation measurements. The evaluation was divided into 
three parts, at first the reproducibility was tested with a 
force plate from Amti (Advanced Mechanical Technology 
Inc., Watertown, MA, USA). A set of eight measurements 
for each movement pattern (eight times QONE, eight times 
QTWO, eight times COP1 and eight times COP2) was 
performed and recorded with a sampling rate of 320 Hz. 
Based on the length values of the build in sensors from the 
DC motors all cycles started at the same motor position and 
the end position got recorded. This measurement set was 
also performed on the other two Systems, the pressure 
distribution measuring device Zebris type FDM-S (zebris 
Medical GmbH, Isny im Allgäu, Germany) and the CDP 
systems Tetrax Mini System (Sunlight Medical Inc., MD, 
USA). These mentioned systems are displayed in Figure 3 
to see the different dimensions. 
The second investigation was the system quality evaluation, 
to see the reproducibility for measurements on one system. 
To compare the measured result from a system, with the 
result of an additional unit of the same model. And the third 
evaluation was the system comparison. The raw data from 
the systems were analysed with the Software Matlab (The 
Mathworks, Natick, MA, USA). The Correlation and the 
similarity in the frequency domain of the data were 
evaluated with the built in functions (corrcoef and 
periodogram). For an indication of the system performance, 
these values were used to make a conclusion on the 
reproducibility and reliability. 
 
Figure 3: Mentioned Systems with PHSS positioned on Amti force plate 
3. Results 
To validate the reproducibility of the system the 
measurement from the Amti force plate were analysed. An 
example of the assessment period is shown in Figure 4. This 
figure shows a data set of eight measurements plotted in 
one plot.  
 
Figure 4: Example from a test measurement with movement QONE 
From these eight measurements a correlation matrix was 
calculated to evaluate the mean correlation. In this example 
the mean correlation is 0.9967 and the standard deviation is 
0.0014.  
The calculated result of this evaluation is listed in Table 2. 
All four moving patterns are listed with the mean value and 
the standard deviation of each axis. 
Table 2: Results from the evaluation of the reproducibility  
Axis Value QONE QTWO COP1 COP2 
X Mean r 0.997 0.984 0.973 0.923 
 SD 0.001 0.006 0.014 0.059 
Y Mean r 0.998 0.993 0.985 0.989 
 SD 0.001 0.002 0.007 0.005 
Z Mean r 0.618 0.404 0.703 0.308 
 SD 0.091 0.105 0.063 0.083 
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According to the assignment of different frequency domains 
during CDP measurements, an evaluation of the comparison 
of the frequency domains was also performed. An example 
of the power spectra from these set is shown in Figure 5. 
Led to the high match of the signals, an optical difference 
between these eight signals could not be seen. The 
frequency domain analysis shows, that on each axis the 
same frequency maxima were present.  
 
 
Figure 5: Example of the power spectrum from a measurement set 
4. Discussion 
During the assembly and the first testing of the system, the 
aluminium profiles used, proved stiff enough to make the 
system as rigid as required. The different mounting options 
make it possible to continuously adjust the foot positions, 
and enables positioning on the CDP systems. First 
positioning tests showed the versatility of the system. The 
general movement of the system has a fluent character. 
During these movements the spherical objects provide 
steadily contact to the ground and built a contact area of 
about 30 mm in diameter.  
PHSS should be positioned on each of the previously 
mentioned systems. For all different systems, one foot 
position should be used. So the distances between the 
motors get fixed for all tests. The positioning processes are 
going to be monitored and recorded. As mentioned, on each 
system a series of 8 measurement cycles should be 
performed. Initially the measurement cycles on each system 
are to be compared. When the movement of the apparatus is 
only up and down with no tilting, this would have no effect 
on the center of pressure. Therefore the separated tiles 
should be compared individually. To determine if the 
movement is the same and determine how much deviation 
is measured. For the pressure sensors the tiles get summed 
up and calculated.  
All mechanical parts showed a good behaviour during the 
tests, but the contact area of the spherical objects is small, 
compared to the human footprint. This circumstance could 
only be a problem for the pressure distribution measuring 
devices.  
After the first movement tests the reproducibility was 
evaluated with an Amti force plate. This result in Table 2 
shows a high correlation for simple movements. The 
representation of the signals, shown in Figure 4, is a good 
indication of the high correlation. From the predefined 
moving patterns the simplest movement is QONE and the 
most difficult movement is COP2. Noticeable in Table 2 are 
the lower correlations for the Z axis. As an Example, the 
first fife Freqency domains of each measurement from the 
QONE measurement on the Z axe has his peaks at 0.6250, 
1.0938, 1.5625, 2.0313 and 2.3438 Hz. From the view of 
the frequency domain, the signals are similar, but the low 
correlation is led to the timing of the eight signals and the 
low percentage of movement on this axis. 
First evaluation measurements on the other mentioned 
systems, which are not included in this paper, showed high 
correlations and matching frequency domains of the signals. 
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